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ABSTRACT (Continuag)

Cooperating with the Safety Board as parties to this sperjal investigation
were the Federal Rallroad Administration, the Arsociation of American Railroads,
the Compressed Gas Association, Hulcher Emergency Services, and the General
American Transportation Corporation. Members of the Investigative group
Included experts in fracture mechanics, tenk car design, compressed gas shipments,
and hazardous materials.

The Safety Board made recommendations to the Research and Speclal
Programs Administration of the Department of Transportetion, the Federal
Rallroad Admipnistration, and the Association of American Reailroads concerning
safeguarding of wreck-clearing crews st Jerailment sites In which hazardous
materials are involved.
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NATIONAL TRANSPORTATION SAFETY BOARD
WASHINGTON, D.C. 20594

SPECIAL INVESTIGATION REPORT

Adopted: October 16, 1980

TANK CAR STRUCTURAL INTEGRITY AFTER
DERAILMENT

INTRODUCTION

Since 1968, the Safety Board has investigated many serious accidents
involving retease of hazardous materialse from tank cars which were either
breached or ruptured following derailmeirs. As a result of these investigations,
the Safety Board recommended that Pederal authorities take remedial action to
reduce the likelihood of tank cars releasing their contents in the derailment
environment, 1/

During its investigation of a rellroad deraiiment near Inwood, Indiang, on
November 8, 1979, the Safety Board noted unresolved questions about the dangers
posed in handling severely damaged tank cais containing liquefied flammable gases
at the accident site. Because of this continuing problem, the Safety Board
initiated this special Investigation to Identify the hazards caused by the actual
redvetion of the abllity of damaged cars to contain thelr lading; to determine the
ability of experts to estimate this redured capability; and to examine the
feasibility of daveloping practical guidelines to help determine how damaged
hazardous materials tank cars should be handled. The Safety Board is also
investigating the accident to determine the probable cause, and a Brief of Accident
will be issued when that investigation is completed.

Safety Boarc recommendations have resulted in the instellation of additional
shielding and the installation of couplers wlich resist vertlical separation. These
safety improvements have been instrumental in reducing tank ecar head nunctures.
Insulation and thermal coatings have also been gpplied at the Board's insivtance to
iessen the possibility of the rupture of tank cars in a fire. Some of these
safeguards have effectively reduced the probability of tank cae breach and tank cor
rupture during the derailment process. 2/

1/ Safety Effectiveness Evaluation: "Analysis of Praceedings of the National
Transportation Safety Board Into Dérallments and Hazadous Materials, April 4-8,
1978" (NTSB-SEE-78-2); "Safety Report on the Progress of Safety Modification of
Railroad Tank Cars Carrying Hazardous Materials" (NTSB-SR-79-2)

2/ Special Investigation Report:t "The Accident Perforinance of Tank Car
Safeguards” (NTSB-HZM-80-1).
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These safety improvements have reduced hazardous material tank car
breaches and ruptures during derailments. However, they o not eliminate risks of
ruptures during wreck-clearing operations, The Safety Board is awace of 24
fatalities end 118 injuries in such aceidents. A 1959 accident at Monroe, Loulsiana,
! caused 8 fetalities and injured 75 persons. 3/ The continuing dangers inherent In
‘ these operations were clearly demonstrated again during the clearing of the
‘. wreckage following the February 22, 1978, derailment of 23 cars in a Louisville and
Nashville freight train in Waverly, Tennessee. 4/ Two days after the derailment, a
tank car containing liquefied petroleum gas ruptured and released the product, The
ensuing fire claimed the lives of 13 persons and injured 43, This car had suffered
mechanical damage in the derailment and had been moved in preparation fo: load
transfer when the tank car ruptured.

The aceident at Waverly caused wide pread concern about the dangers posed
by daraged, lnaded tank cars, Wreck-clearing crews, emergeney response
personnel, and the general public may still be in danger even after the initial
derailment because hazardous materials are in the damaged containers.

After investigating several derailments involving a large number of hazardous
materials being transported by rail, the Safety Board issued the following
recommendations on August 30, 1978, to the Association of American Railroads:

Complete development and documentation of safety
procedures for identifying and assessing hazardous materials
dangers, and for coordinating wreckage-clearing operations
with local public safety officials. (1-78-14)

Disseminate these safety procedures, as soon us they are

‘ documented, to railroad personnel, wreckage-clearing

' contractor personnel, special emergency response team

perconnel, and public safety officlals in the communities
e through which raitroads operate, ([-78-15)

Establish a procedure for regular reviews of selected
rallroad wreckage-clearing operations so that these safety
B procedures can be upgraded promptly as new safety
\ ! concerns ere ldentilied. (1-78-16)

After iInvestigating a derailment at Crestview, Florida, on April 18,

] ,  1979, 5/ the Safety Board issued the following recommendation to the Pederal
113 Ratlroad Administeation:
l

3/ Rallrond Accident Investigstion, Report No. 3833, Interstate Commerce
Commission,

4/ Raliroad Accident Report--"Derailment of Louisville & Nashv’lle Railroad ;
] Company's Train No. 584 and Suus<quent Rupture of Tank Car Containing Liquefied |
n Petroleum Gas, Waverly, Tennessee, February 22, 1978" (NTSB-RAR-79-1).

I 5/ Railroad Accident Report--"I.ouisville and Nashville Raflroad Company Freight

Train Derailment and Puncture of Hazardous Materials Tank Cars, Crestview,

Florida, April 8, 1979" (NTSB-RAR-~79-11),
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Analyze risks to wreck-clearing personnel during wreck-
clearing operations involving hazardous materials releases
to determine needed health safeguards, operating
precautions, and medical treatment capabilities for
hazardous materinls exposures, and establish appropriate
safety requirements Lased on its findings. (I-79-13)

The Association of American Reilroads (AAR) responded positively to
recommendations 1-78-14 through -16 on February 22, 1980. The Federal Railroad
Association (FRA) responded to recommendation I-79-13 by contracting for a study
of wreckage-clearing procedures which Is scheduled to be completed in March
1981. All four recommendations are now In an open status pending joint action by
the FR A and the AAR.

During its investigation of a derallment near Inwood, Indiane, on November 8,
1979, Safety Board investigators agaln observed the unknown dangers being faced
by wreck-clearing personnel as damaged hazardous materials tank cars were being
handled. These risks are being studied, but no guidelines, procecures, or
requirements have been published to help wreck-clearing personnel assess thase
dangers. Therefore, this special investigation was initlated to deteriniae what
action could be taken to reduce these risks.

GATX 26024, a damaged, but unruptured, DOT Specification 112 tank car,
was made available for examination and testing after its derailment at Inwood,
Indiana, Documentation of the type and severity of demege to GATX 26024, as
well as testing of the residual steength of the structure after the accident, thould
contribute to the formulation of guidelines for handling damaged tank ca*s at
derailment sites, a3 well as contributing to the body of knowledge concerning the
structural integrity of damaged tank cars. Additionally, this special investigstion
of tank car GATX 28024 employed a methodology which could be used as a guide
for any future testing that may be conducted on the structural integrity of tank
cars,

Cooperating with the Safety Board as parties to this special investigation
were the FRA, the AAR, the Compressed Gas Association, Hulcher Emergency
Services, and the General American Transportation Corporation. Members of the
investigative group included experts in fracture mechanles, tank car design,
compressed gas shiprents, and hazardous materials.

DERAILMENT AND PRODUCT HANDLING

About 5:45, e.s.t,, on November 8, 1979, cars 25 ithrough 49 of Conrail freight
train THEN-8 ctirailed 1 mile east of Inwood, Indiana. The train consisted of 3
locomotive units, 90 cars (76 loaded and 13 empty), and a caboose. Twenty-four of
the 25 dersiled cars contained hazardous materials. The shipments included: one
acetic anhydride, one butyl cellosolve, one butyl methacrylate, six ethyl acrylate,
two ethyl chloride, two ethylene oxide, one isobutyl aleohol, one methactylic acid,
one propylene naphtha, one propylene oxide, one sodlum hydroxide, and five viny!
chloride. Eight of the deralled hazardous materials cars released some product,
(Sce figure 1.) The Safety Board conducted a field investigation of this accident,
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Figure 1.--Plan view of accident site.
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Tank car GATX 26024 was the 37th car in the train and was the 12th car to
derail., The tank car contained 183,400 pounds of vinyl chloride, a highly volatile,
extremely flammable gas. Vinyl chloride is a colorless, sweet-smelling product,
and its vupors irritate tie eyes; it becomes explosive when mixed with air. Tank
car GATMA 26024 came to rest completely inverted with the manway dome and
associated valves buried so that they could not be examined.

A severe dent, caused by a similar tank car striking the tank, was evident
from the center to one end. The volume reduction caused by the dent was
estimated onsite at 1,000 gallons, or about 4 percent of the car's total volume, The
only informaticn available from the {reight waybill was the weight of the product
in the car and the volume of the tank car shell. Using this information, the volume
of product in the tank was assumed to be less than the 87 percent maximum
permitted by 44 CFR 173.214. The wreck-clearing crew concluded that.the
damage had not reduced the vapor space (outage) in the tank to a dangerous level.

After a preliminary inspection, the car was left undisturbed and virtually
unattended until a siinilar car arrived for load transfer. On the third day after the
accident, a similar car was brought in and a mound of earth was prepared alongside
GATX 26024 so that it would be level and properly supported after righting, The
tank car was righted by attaching cables around both ends of the car and at the
manway dome, As much of the Hfting force as possible was applied to the
undamaged end of the car, It was necessary to right the car to gain access to the
valves and appurtenances located in the dome of the tank car.

Internal pressure was checked as soon as access was gained to the valves in
the manway dome, The pressure, 27 psi, was considered to be low and thus, it was
safe to proceed. The car lading was transferred immediately after righting, and
GATX 26024 was loaded onto a flat car and sent to General American's repair
facility at Hearne, Texas. (See figure 2.)

METHODOLOGY FOR TESTING GATX 26024

Tank car GATX 26024 was manufactured in March 1975, according to DOT
specification 112 S340W. The car was of stub sill design 5/ and had a coupled
length of 53 feet. The tank was 47 feet long and 10 feet in diameter and had &
capacity of 26,090 gallons, The tank was constructed of 5/8-inch AAR TC-128
grade "B" steel, which had a minimum tensile strength of 81,000 pounds per square
inch. The steel plates were joined by machine-welded butt joints, and the tank was
certified to contain a pressure of 340 pounds per square inch, The tank was
equipped with a Midland A-3480 safety valve with a start-to-discharge pressure of
260.5 pounds per square inch and a flow cepacity of 36,640 cubie feat per minute,
The car was equipped with head shields and shelf couplers.

5/ A stub size tank car has draft sills at each end for mounting couplers and
utilizes the tank as part of the car's draft sill structure,
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Figure 2.--GATX 26024 after derailment and before testing.
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A three-phase test plan was developed for use as a guide for the investigation
of the structural strength of GATX 26024, The major actions to be gccomplished

in each phase were —

o Phase A:
(1) Thoroughly document the significant damage to the tank structure.

(2) Conduet nondestructive testing of critical damage areas.
(3) Estimate burst pressure of tank.

o Phase B:
(1) Pressure test the tank car to determina residual tank strength,

(2) Record data on changes in deformation of tank during the pressura

test.
(3) Pressure test the relief valve.

o Phase C:
(1) Determine areas from which metallurgical coupons 6/ should be

taken,
(2) Metallurgically examine critical areas and the rupture site.

Appendix A contains a copy of the preliminary plan for testing GATX 26024

Phase A

(1) Tank Steivture Damage.—The damaged srea was an the left side of the car
and extended Jrom the weld at the middle of the tank toward one end. The damage

included the head-to-tank weld and the tank head.

The damage to the tank was observed and thoroughly documented, The first
step was to draw a 1- by 1-foot grid on the damaged area of the tank. The origin
of the grid was the top of the tank halfway along its length. Longitudinal stations
were established at 1-foot intervals toward the tank's "B" end. The last regular
longitudinal station was at 20 feet, followed by 20 feet 11 inches (tank-head-weld),
21 feet 5 inches, and 21 feet 10 inches. Circumferential stations were established

at 1-foot intervals around the tank surfece.

A 1/2-inch diameter steel rod was formed into a semicircle and tack welded
onto the tank at station 20 feet 11 inches, This resstablished the contour of the
tank head. To establish the geometry of the dented surface, a cord was stretched
horizontelly from this rod successively at each circumferential station forward
toward the undamaged end of the tank, giving the cpproximate location of the
undeformed tank surface at each longitudinal statfon. This methodolcgy for
measuring the volume of the dent could be used at accident sites to assist the
wreck-clearing erews In their decisionmaking process.

6/ Semples of material cut from the test vehicle to be examined for metallurglesl
properties.
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Based ont the measurements taken from an established line representing the
original tank contour and the cardboard radil templates used to determine the bend
radii, computer caleutations indicated that the decrease in the interior volume of
the tank was approximately 1,092 gallons, or 4.2 percent of interior volume. (See
figures 3 and 4, and appendix B.)

(2) Nondestructive Testing of the Damage Area.--Dye penetrant and portable
meagnaflux nondestructive Tnspection techniques were used on the inside and outside
damage areas to determine whether cracking had occurred as a result of the
derailment dameage. Sharp bend radii, especially at the tank head to cylinder weld,
were considered critical damage areas. (See figure 5.) Wheel burn aress or gouges
with assoeciated cold working would have been suspect, but were not present. No
cracks were found by the inspection.

(3) Estimations of Tank Burst Pressure.--Before the tank was pressure tested, the
eight representatives of the parties to the investigation were asked to predict the
pressure at which the dent wculd start to deflect outward and also the pressure &t
which the tank would rupture. The predictirs on deflection ranged from 75 to 290
psi, with five parties predicting ranges between 120 and 197.5 psi. None of the
parties expected the tank to rupture during the pressure test which was to be
limited to 340 psi proof pressure,

Phase B

(1) Residval Strength of Tank Car.--The tank was filled with water at 80° F, and an
air pressure powered water pump was attached, A cord weas stretched
longitudinally at circumference station No. 12 from the steel circular rod at the
tank-to-head weld to a damaged bracket forward of the rnidtank weld. Two
lightweight indicators were taped to the tank at stations t1.5 and 16 and placed on
the stretehed cord. A mark was niade on each indicator to denote the Initial
loeation of the tank shell, and as pressure was applied, it was possible to determine
when and how much the dent detlected outward, The dent began defleeting at 40

psi.

(2) Changes in Tank Deformation During Pressure Test.--After 24 minutes of
operation, the pump was shutdown because it was not pumping sulficient volume at
the low pressizes, At this point, water maln pressure of 75 to 80 psi was used to
continue the test. About 47 minutes after the start of the test, the pressure was
reduced to 0 psi, and permanent deformution of the tank shell was noted,
Subsequently, line pressure was reapplied for 1 hour 23 minutes and the dent
continued to deflect and more nearly assume the oviginal tank contour. After 2
hours 52 minutes, a large portion of the dent had been displaced outward to
approximately thu original shape, the pump was started, and the internal pressure
was Increased. After 3 hours 19 minutes, the tank ruptured at 205 osl. The
pressure decreased immediately, and no propagation of the rupture was noted. The
tank ruptured in the weld between the left side of the saddle plate and the tank,
near the stub sill reinforcing plate. (See figure 68.) Dent dimensions were recorded
using the same method used before pressurization. (See appendix 8.)
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Figure 4.-~Dent bend radii before pressure testing.
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(3) Relief Valve Pressure Test.--The A3480 pressure relief valve (Serial No. CL
293), which was on the tank at the time of the derailment, was manufactured by
Midland Manufacturing Co., Skokie, Illinois, When it was pressure tested, it started
to discharge at 280 psi, which was consistent with the rated start-to-discharge
pressure of 280.5 psl.

Phase C

(1) Metallurgical Coupon Areas.--Metallurgical testing was conducted on the
lower Teft end of the tank at the draft sill reinforcing plate; lowar left end of the
tank at the bolster reinforeing plate and the bolster saddle plate; lower right end of
the tank at the bolster reinforeing plate and ihe bolster saddle plate; middle
section of the tank head at the maximum bend of the tank head; upper section of
the tank-to-head weld at maximum radius bends; and middle right side of the tank
(out of the damage area.) (See figure 7.)

(2) Metallurgical Examination of Critical Areas and the Rupture Site

Tank Car Head - (Normalized Steel Plate 3)

A sample was taken from the area of minimum radius of
curvature and maximum apparent strain to determine the role of
deformation caused by the accident damage on the structural
capacity of the steel. The metallurgical examination revealed
thats (1) the hardness of the metal in the bend area was slightly
higher than the hardness of the mctal in the undeformed area; (2)
the hardness of the metal in the deformed area was higher than
the hardness of the metal near the center of the specimen; (3) the
fracture surfaces showed fully ductile fractures 7/ in both the
deformed end undeformed regions; and (4) the Tmpact energy
levels for the undeformed area were significantly higher than the
deformed area. |

See appendix C, a study entitled "Report of the Metallurgical Examination of
Test Coupons from GATX 26024" which was commissioned by the FRA, The Safety
Board concurs with the findings.

Fracture Area - Plate 2A (Nonnormalized Steel)

The fracture extended from the heat-affected zone
(HAZ) 8/ of the fillet welad to the tank base metal in the
immediate vicinity of the bolster structural support.  The
combination of reduced toughness (as indicated by increased
hardness in the HAZ) and the formation of a "hinge" at the bolster
struotural support caused the tank to fail at this point. The tank
fracture was a completely ductile fallure, (See figure 8 and
appendix C.)

77 Failure of metal resulting from being stretehed or drawn thin, the fallure occurs
because of a slidin% action of the internal particles over one another.

8/ That portion of the base metal which was not melted but whose mechanical
melted properties and mierostructure have been altered by welding.
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Figure 8.—~Cross szction of rupture showing origin of crack in the
neat affected zone of the attachment weld.
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Other Tank Specimens - (Plates 1, 2A, 2B, 4, and 5)

An examination for physieal properties revealed that the
steel in the tank shell met or exceaded the requirements for TC
128 grade "B" steel. The tank structure showed a significant
Increase In hardness in the HAZ, or the welded areas, The test
specimens showed 25 percent brittle fracture at room
temperature and 85 percent brittle fracture 9/ at 0°C. (See
appendix C.)

TEST RESULTS

Tank car GATX 26024 was examined in an effort to determine the safety
margin in handling end unloading a severely damsged tank car at an aceldent site.
The Investigators and onscene persons had been concerned about the size of the
dent and apprehensive about physically righting the ear, as well as transfersing its
product. Howeaver, the pressure test revealed that the internal pressure of 27 psi
at the accident site left a considerable safety margin since the tank did not fail
until it reached 205 psi. This was still below the 340 ps! pressure to which the tank
was originally tested,

The size of the dent was of concern tecause it significantly reduced the
volume of the container. Vapor space was nceded to provide additional volume
should the liquid expand because of heat. Tte service crew that emptied the tank
at the accident site estimated that the volume loss in the tank was 1,000 gallons —
the calculated volume loss was 1,092 gallons. Although the sceident site estimate
of dent volume was reasonably accurate, a protiem developed at the accident site
in determining the &ctual volume of product in the tank. Such determinations from
product weight can be difficult, and there is a nead to quickly provide aceident site
personnel with volume information on damaged tank cars so that they may frake
intelligent assessments of the existing hazards.

The failure pressures of the tank and the potential failure area were not
accurately predicted by the investigation group. The tank actually ruptured at a
pressure 40 percent below the minimum estimated fa‘lure pressure, and the faflure
originated at an unexpected location. It should also be pointed out, however, that
the estimates were made using only visua' examination. Although magna flux and
dye penetrant would normally he available in the field, they are not always usad,
Of course, in the case of a luuded car, no inside testing could be done. The fact
that experts had difficulty estimating faflure modes and pressures, demonstrates
that adequate safety guidelines do not currently exist. The accident history of
tank cer ruptures 10/ at aceide.t sites establishes a need for such guldelines,

87 The Tallure of metal resulting from abrupt separation of the internal particles
from one another without any sliding action between the partieles.
10/ Rallroad_Aceldent Re?grt-—“nerallment of Lousiville & Nashville Railroad
Company's Traln No. 564 and Subsequent Rupture of Tank Car Containing Liquefied
Petroleum Gas, Waverly, Tennessee, February 22, 1978" (NTSB-RAR-79-1) and
Rallrond Accident Report—"Louisville and Nashville Railroad Company Freight
aln Derafiment and Puncture of Hazardous Materlals Tank Cars, Crestyview,
Florida, April 8, 1979" (NTSB-RAR-79-11).
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The tank structure demonstrated a nntable ability to withstand impact and
damage, GATX 26024 exhibited a 40 percent loss of ability to contain product
under pressure. The actual fallure occurrad at a weld between the tank and the
damaged supporting structure connecting the tank to the truck and wheel assemblyv,
This fallure suggests that the method of attachment of the tank to the stub sill
requires further examinetion,

Other Commodities

GATX 26024, containing vinyl chloride, gave an adequate safety margin for
handling and unloading at the acecident site. The tests determined that o
temperature of approximately 185° F would have to be reached before the pressure
inside the tank would have reached tke rupture pressure of 205 psi. The rupture
pressure of other materials varied. Aphydrous ammonia would have reached
rupture pressure at 108° F, and liqucfied petroleum gas (LPG) could have reachéd
rupture pressure at 99° (See table 1.) Such temperaturos are possible during the
summer months in the United States, and in a fire situation, such temperatures can
be easily reached. At Waverly, Tennessee, the damaged tank car ruptured because
an existing crack propagated due to an incrense in internal pressure, which had
been caused by a rise in tempeiature,

Table 1.--Temperatures at which commuodities which are authorized
to be loaded in tank cars would reach rupture
pressure in the damaged GATX 26024,

Commodity Temperature (°F)

Chtorodifluoromethane 104
Liquefied Petroieum QGas 99 - 113
Anhydrous Ammonia 106
Chlorotrifluoromethare 138
Dichlorodifluoromethane 140
Methyl Chlorids 148
Monomethy!l Ainine 170
Octaftuorocyclobutane 185
Vinyl Chloride (Monomer) 185
Butadiene 200
Butane 210
1,2-Dichlorotetrafluoroethane 215
Trimethylamine 220

A

Metallurgy Tests

The shell material in GATX 26024 had the ability to withstand 25 to 30
percent strain in areas away from weld and small surface cracks., Testing of
welded areas with small surface cracks (0.05 to 0.1 ineh in depth) Indicated
susceptibility to fallure at about & percent strain, or about the straln associated
with a 6-inch radius bend. Such small surfece cracks may be detectable under
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laboratory conditions, but it is unlikely that this type of flaw could be located
under derailment site conditions,

The nonnormalized tank steel 11/ plate appeared to be necar the static
transition temperature for ductile to brittle fracture at normal operating
temperatures. The tests indicated that the temperature at the time of the
accident could have controlled the actual fracture condition, During the dynamic
fracture tests, partial brittle fractures did occur. It Is noteworthy that the
normalized steel 12/ in the tank car head exhibited no brittle fracture in the
dynamic fracture tests, indicating greater toughness for normalized steel
structures,

Sigmificance of Test

Damaged tank cars containing hazardous materials at accident sites have
been identified as a significant hazard, The current method of using
knowledgeable, experienced experts to make estimates about the structural
strength of damaged cars that determines subsequent handling of such tank cars
has produced disastrous results. The fact that the tank started to deflect at 40 psi
and ruptured at 205 psi when the average estimates for these pressures were 100
ps! and 340 psi, respectively, indicates that there is currently no accurate method
of predieting inciplent tank failures. The substantial overestimates of the rupture
pressures by experts during this investigation shows the need for a better method
of estimating the structural integrity of damaged tank cars.

The tests conducted on GATX 26024 established that testing of damaged tank
car3 can provide information that cculd lead to the establishment of guidelines for
use by wreek clearing crews who are confronted with the safe handling of damaged
tank cars, While one test cannot be used as u criterion for establishing such
guidelines, rupture tests of a representative sample of damaged tank cars should
provide enough data to accomplish this,

The tosting of GATX 26024 also indicated the need to address the problem of
estimating the quantity of a commodity actually loaded in a tank car. Most
waybills show tha commodity weight, but conversion of weight to volume under
field conditions can be difficult and result in delays or unsafe estimates if
improperly done. The Safety Board believes that shippers should include volume
and temperature at the time of loading on shipping papers so that mistakes in field
caleulations can be avoided.

Another area of concern is the welded attachments to the tank. The
attachments are needed to make the tank into a vehicle. Since the failure of
QATX 26024 occurred s the result of an attachment weld, this Indicates that
derallment damages to tank attachments need further examination. Further
testing of damaged tanks may identify other areas which may require remedial
actions.

11/ Steel which Is In"an "as rolled" eondition or is used in the condition in which it
came from the rolling mill,

12/ Steel which has been heated to remove the stresses put into it by the rolling
process.
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CONCLUSIONS

No accurate method for estimating the residual strength of damaged
railrcad tank cars at derailment sites currently exists,

The method now used for determining the structural integrity of
damaged tank cars during wreck-clearing operations has been
emperically derived and can lead to underestimation of the dangers
present.

The existing body of knowledge on damaged tank cars does not produce
acourate predictions on the behsvior of such cars in a rostderailment
environment,

The tests conducted during this investigation show that it is possible to
develop better guidelines for estimating the structural integrity of
damaged tank cars based on new information acquired through a rupture
testing program.

Nondestructive testing methods, in this instance, did not reveal any
cracks in the tank although cracks in the tank or attachment welds
would affect the pressure at which a damaged tank would rupture,

The normalized tank car steel in the tank head has less propensity for
brittle fracture than the nonnormalized steel in the tank body.

Smal] surface cracks in the heat affected zone of welds can develop
into ruptures If the damaged tank shell contour Is echanged by increases
in internal pressure.

It the freight waybill included the number of gallons loaded in a tank
car and the loading temperature, the information would assist
emergency crews at a derailment site in more accurately determining
the volume of the commodity in the tank,

RECOMMENDATIONS

As a result of the findings and conciusions of this special investigation, the
National Transportation Safety Board made tne following recommendations:

-~ to the Research and Speclal Programs Administration of the U.S.
Department of Transportation:

Amend 49 CFR 174.25 to incl'tde a requirement that the
volume, In gallons, and the temperature at which the
pressurized liquefied gases were loaded In tank cars be
entered on bills of lading, waybills, and shipping orders.
(Class II, Priority Action) (1-80-1)
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-- to the Federel Railroad Administration:

Develop guidelines for handling tank cars containing
pressurized liquefied gases at accident sites based on
research and tests of a representative sample of damaged
tank cars. (Class II, Priority Action) (I-80-2)

— to the Association of American Railroads:

Examine ruptured tank cars to determine what effect
current design and welding practices for welded tank
attachments may have on the structural Integrity of tank
car loaded with pressurized liquefied gases in the derallment
environment, and report the resultant findings. (Class 11,
Priority Action) (1-80-3)

BY THE NATIONAL TRANSPORTATION SAFETY BOARD:

/s/ JAMES B. KING
Chairman

/s/ ERANCIS H. McADAMS

Member

/s/ PATRICIA A. GOLDMAN

Member

/s/ Q. H. PATRICK BURSLEY

Member

ELWOOD T. DRIVER, Vice Chairman, did not participate.

October 15, 1980
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APPENDIXES

APPENDIX A

PRELIMINARY TEST PLAN FOR EXAMINING
THE STRUCTURAL INTEGRITY OF GATX 26024

[P

BACKGROUND

[ R NI

In the aftermath of a train derailment it is necessary for emergency serviee
personnel to be involved in the handling of tank cars loaded with hazardous
; materials, Often these cars have had varying degrees of structural damage which
can make their handling dangerous. It is important that an assessment of the
5’ damage to each car be made to determine its condition in order to devise the

safest procedure for handling the car. Assessment of the critical condition of a
tank car would be expedited il criteria were available for "sizing up" the structure.
This test plan has been developed for the purpose of investigating ways and means
of damage assessment through systematic testing of o damaged tank car and to
determine the feasibility of the procedure.

PURPOSE OF THE TEST

The purpose of the investigation is to document the extent and nature of the
damage to the car and determine its residual structural strength, Ultimately, it is
hoped to determine the feasibility of developing criteria with which emergency and
salvage personnel can assess the risk of operating around or moving a damaged tank
car which contains hazardous materials,

TEST ARTICLE

GATX-26024, a tank car, type DOT 1125340W, containing flammable
compressed vinyl chloride gas was car No. 37 of a 91 car train which derailed near
Inwood, Indiana, on November 8, 1979, The car was built and last tested in 1975,
and has & capacity of 26,090 gallons or 187,000 pounds and a light weight of 72,000
pounds, It had an extremely severe dent on the lower left side. It has been cleaned
and is at the Hearne, Texas Repair Shop,

TEST PLAN

A three phase plan is outlined to accomplish the purpose of the project.
Phase A describes the external documentation of damage and fallure prediction,
Phase B outlines a test which may cause the tank to rupture. Phase C outlines the
inspection and testing of major damage area samples.

PHASE A - This phase of the test will be conducted at the Hearne, Texas
Repalr Shop of the General American Transportation Corporation.

A thorough documentation of the tank structure damage is to be
accomplished. The measurements of dents and serapes and deseription are to be
recorded in a group report. Data such as length, width, depth, and bend radii of

k!
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dents are required, Photographs are to be taken to give a pictorial record of the
damage. Nondestructive tests (NDT) such as dye penetrant inspection are to be
accomplished to determine the extent of external cracking. It should oe kept in
mind that only those methods of NDT which are practical for accident conditions
should be used. The truck and bolster condition should be documented as well since
a misalignment of the assembly could cause overload of the tank when the car is

righted and set on the trucks. .

PHASE B - Pressure testing Is proposed which will determine the valicity of
the predictions given in Phase A. Standard hydrostatic methods are to be used with
at least 90 percent of the tank capacity filled with water. The tast pressure is to
be applied up to 340 psi. With a capacity of 26,090 gallons, 23,500 gallons of water
would be used. The safety relief valve will be modified to allow the higher
pressure to be applied. Since the tank car is to be repalred, pressure in excess of
340 psi will not be applied. Any changes in damage to the tank as a result of this
test arx to be documented, Photographs of the test damage are to be taken.

PHASE C - In the final phase, appropriate coupons will be cut from the major
damage area and inspected in a metallurgv laboratory. Duting the derailment,
cracks may have been Initiated in the damage area. The purpose of the
metallurgical testing is to determine the length of the initial crack at the origin.
A determination of the type of fracture is to be made at the initial and the
propagated crack. Also, whether the fracture is propagating shear or tearing
shear,

i
5
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DENT GEOMETRY DATA - AFTER PRESSURE TEST
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APPENDIX C

REPORT OF METALLURGICAL EXAMINATION OF TEST
COUPONS FROM CATX 26024 BY
ARTHUR D. LITTLBE, INC.

SUMMARY OF METALLURCICAL TESTS ON MATERIALS
FROM DAMAGED TANK CAR
CATX 26024

1. Introduction

A 100-ton railroad tank car was involved fn an sccident and received
a savers dent dut did not rupture. The car was & pressure tank car to
DOT Specification 1128 340W loaded with Vinyl Chloride. The car vas
subsaquently subjected to & pressure test and ruptured at 205 pel.

A series of mecallurgical tests and inspections have been carried
out on the aix test plates cut from the preasure tank of this car. The
principal objectives of the test program vere to snalyze the preasure
test rupture, and to determine the properties of the tank steel and how
these were altered by the accident distortion. *

The materisls and practices used in manufacture were to the relevint
standsrd in the AAR Specifications for Tenk Cars and DOT tegulations.

The pressure tank {o msnufectured from $/8-1ach thick TC128 steel.
It comprises tvo meai-elliptic hesds 10-1t diameter, and four cylindrical
vings ssch rolled from ono piece of steel, butt wvelded to fors a 42-ft
long cylinder. The dulk of the accident demage occurred 4n the "B end
head and the adjacent fourth ring. The material for the tank heads fs
required to be normalized, but that for the tank cylinder is not.

Prior measutements and teats on the demaged pressure tank are des-
cribed {a the body of this report. Dye penetrant snd portable magnafjux
tests wade at the pointe of minisum bend radfus in the tank head and st
the tank hesd to cylinder butt weld revesled no cracking. During the
prassure test, the dent vas prcgressively blown out at 70-90 psi, leaving
a snaller dent in the region of reinforeing provided by the tenk cradle,

Arthur D ittkeinc
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Lictle further change occurred up to 205 pat, at vhich point the tank
ruptured at the cradle/cylinder fillet weld. Plate 2A containing the
rupture was one of those selected for anslysis.

2. Tests on the Tank Head in ths Region of Maximum Apparent Strain
(Plate 1)

The region of maximum apparent strain, f.e. the ninimum radfus bend,
otcurred in the tank car head. The tenk car head ste~)l 1s normalized as
{8 required in the AAR Specs. Plate 3, which contsins this beud, was
exanined to determina the influence of prior deformation on material
petformance (strength). This bend radius subsequent to the sccident vas
estimated to be two fnches and it increased to spproximstely four inches
upon repressurization. Various methods weve employed to assess possible
loss {a toughness. These procedures included Charpy tests and ch
ductile fracture tests.

In ganeral, sn increase in hardness corrvelates with a decrease in
ductilicy &nd toughness. Hardness mezsurements were performed away from
the bend region to obtain a value which characterizes the material and
at the bénd cross aection vsing the standard Reckwell B scale. The
resulte ave given in Table 1. Knoopt hardness seasurements (100 gram
wesght) taken across the bend cross section to sssess local changes in
hardness ir the bend region and the further increase near the surface of
this croas section (subjected to higher deformation). These results
indicate that the material toughness in the region of the tend is 1likely
to be reduced belov that of the ressinder of the plste.

[

. Knoop hardness seasusements involve use of an excessively light load
enabling Mghor 10cal resolution but yfelding less reliable results.

Arthur D Liitle Inc
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dsble 1
Plate 3 ~ Hesd--Region of Maximum Pend Hardnoes Data

Rackvell B Xnoop

Center of Croas Section a8 230
Hear Surface of Cross Section 242
susy from Daforsed Region §2

Chatrp’ npccl-enc‘l)* were cut from both the deforwed ané undeformed
regions of Plate 3 and subjected to the standard impact tests at room
temperature, The fracture surfsces of Charpy specinens cut from the
deformed snd undeformed regions nhoved fully ductile fracture. Yat, the
Charpy impact mergy levels for the undefomed nnd_dcfotlcd naterial
specimens were 98 and 42 ft-lbs, respactively, indicating significant
prior deformatfos influence.

Limited quasi-static testing using precracked Charpy type specimens
has been perforsed to further fdentify the loss of toughness indicated
by dynsaic Charpy results. The Charpy tyje specimens used vere side
grooved t¢ creste plane strain, flat fracture as recommended by Ritchie
ot 11.(2) The ch ductile fracture initfation parsuster vas estimated
from the load deflection record. An estimate of J folloving substantisl
crack groeth vas made using the same formula to emable & prediction of
the Tearfsg Modulue (1), a parameter used to compsre vesistencs to
ductile tearing (ch fs only applicable to the inftistion of fractore
fron & pre-axistiag crack).

The quasi-static precracked Charpy tests vere performed on three
samples vhich vere cut from the ‘deformed section of Plate 3. The spacinen
ves orisnted tengentially with Q;apeet to the bend, with the nitch orfented
radially. The fracture specimens showed completely ductile fracture
surfaces (no cleavage) with substantial laminar tesring.

& Refarencas ate given at the end of this reporc.

Arthur Dlitkinc
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A substantial veriance in both Jlt snd T was found. This may be the

1 result of laminar tearing 4nd local deviation: of the crack direction to

Rk the rolling divection of the plate. Lesser varistion vas recorded in

k: the correspanding Charpy impact velues which are ssrociated with the
eneTgy to break the specimen rather than to fnitiste 2 fracture. The
fracture surface creited In the impact testr is large compared to that

! created in the ch tests and thus, likely to show less variation from

;3- specimen to specimen.

Further testing would be required to accurately estimate ch. T and
their variances. It alrveady cen be obterved from the limited testing
L that the materisl tas s large resistance to quasi-static tearing. Cal-
: f culations based on elastic-plastic fracture smacharics concapts, wvhich are
1 discussed in detail later, predfct that a 0.0l-inch pre-existing crack
vould be needed to inftiate fracture at the regica of maximue bend in

Plate 3.

'i?i Note that the maxisum strain level in Plete ) was approximstely 25%,
v} vhich is within the requirements of the AAR Specifications. Thus, it is
not surprising that no failure cecurrad,

. 3. Tests on Tank Cylinder Matertal (Plates 1, 24, 28, & and $)

;: The tank ¢ylinder msterisl is no: normalized steel. Plate S 1s used
N . a8 the standard since ft was not damaged in the sccident. Tensile
specinens cut in the rolling direction from Plate 5 give & yield stress
of €4 kei (0.2 offset) an enjyineering ultimate stress of 98 ks and »
32% elongation in tvo inches.

Hardness neasurements were takan {n the refer:nce Plate 5 and in
Plates 2A and 4. Plate 2A contains the crack that caused the tank to
fail during the pressure test. ‘This crack originrted in the heat nifected
gone of a fillet weld, as 1s discussed in wore detsil subsequently.

Arthur D Litth: Inc
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Therefore, hardness measuresents were taken avay from the crack, nesr
the crack, and in the heat affected cone from which the crack grev.
Plate & contains a major dbutt weld batveen tank cylinder and tank head.
Hardness messurements were taken as an indicstion of possidle loss in
toughness in the heat affected sone of this veld. The results are piven
in Table 2.

Isble 2

Plate S

Plate 24 - Away from Creck
Plate 2A -~ Near Crack

Plate 2A - Heat Affected Zone
Plate 4 - Base Material

Plate & - Heat Affected Zone
Butt Weld

Hote a slight focrease in PB hardaess in Plste 24 near the crack and »
pignificant incresse in XHN in the hest affected zone, A similer
increase fn KMM in the heat affected zone of the dutt weld (Plate 4) is
slso obearved,

Charpy specimens ware teken from Plate 24 £ the base miterisl swvay
from the velded and cracked regions and impact tests vere performed at
roon temperstutre and 0°C. Toe Charpy impact entrgises determined ere
107 ft-1bs and 77 ft-1bs at room tempersture and 0°C, respectivaly. The
roon temperatucs specinmens exhidited approximstely 15X rleavage on their
fracture surfeaces, end the 0°C specim as had substantisl (75%) clesvage
fracture. These results indficate that the dyramic toughness is in the
transition regiocn snd that the uppar shelf dynmmic toughness (ductfle)
must begin above room temperature. The stetic toughness transition
gensrally occure at a somevhet lower temperatute. Thus, the room tes-

Arthur D Littk: nc
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perature static toughness is likely to be fully ductile. The fracture
surfaces of the Charpy Smpact specimens exhibited macro leninar tearing,
4n indication of s wesk plene (the rolling direction) in the material.

Plate 2B was chosen for examination beceuse it contained a similar
fillet veld to that in Plete 2A and possible cracking was expected.
Careful examiration did not reveal iny tramsverse cracking.

Plate 1 alsc contained a fillet weld and vas exsmined for possible
cracks. No cracks were found,

4. Exaniiation of the Frascture

Tho crack which developed during repressurization snd caused the
tank to fail is contained in Plate 2A. The crack originated on the ocuter
tank surface 4a the heat affected zone of the fillet weld and grev through
the tank watl. The fnterior surface of the tenk shovs significant per-
manent deformation surrounding the cratk, vhich indicates that the frac-
ture involved high energy, lov veloctty tesring,

Both fractography (the direct observation of the fracture sutface)
aud & mecallographic secticn transverss to the fracture in o partially
fractured ares wvere used to characterize the fracture (see photograph
in body of report). To examine the fracture sutface directly, a portion
of the fracture vhich haé penctrated completely through the thickness of
the plate vas cut out. This fracture vas then exemined by ADL using a
lov power ¢pticul microscope aed than given to Professor Pelloux at MIT,
an expert on fractography, for his exsminstion. The ¢ross-section of
the partislly cracked reglen from an ares adjacent to tha through erack
vas examined vith & metallvrgical afcroscope in the unetched and etehed
condition. In addition, both microhardness (Knoop) and macrohardnass
(Rockwell B) were taken on this section.

Arthur DLittks Inc.
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From our observation of tha fracture surface and as coniirwed by
Professor Pelloux using the Scanning Electron Microscope, ths fracture
wvas ductile with no indication of cleavage anywhere on the surface.
There vas extensive microlaninar tearing parallel to the surface of the
steel as the crack propagated.

f:f Exanination of the cross section containing the crack revealed the
1 origin of the crack in the hest affected zone of the fillet weld and )
confirmed that the propsgation was ductila. As the crack propagated, :
ductile tearing occurred with vold formation and laminar tearing. Void
formation is apparent near the tip of the crack.

A portion of the fillet weld attaching the cradle plste to the tank
tylinder had given way and the through wall fracture originated near the
end of this fillet weld tear. The local stress stete at this location
of fracture initiation was greater than the nominal valud as a resvlt of
both the change in stiffness due to the saddle plate and the stress con-

S centration rt the termination of the fillet weld tear. The combination
Y | of reduced toughness in the heat affected 2cne (measured here as incresied
ijt hardness) and the stress concentration at this locetion resulted {o
. reduced ductilfty and crack growth.

3 A theoretical estimate of the conditfons for ductile fracture from
' § the Filtet veld heat affected zone vas made. It vas assumed that the
b erack has grown through the less tough, heat affected some, and & pre-
diction sade of the stress/strain level neaded to cause this creck to
{ propagate through the bass wetsl. The prediction {s based on the J,
fracture criterion. Thus, it is nacessary to be sble to estimate "J"
as a function of stress level in the section. To sccomplish this, the
! unisxial material response vas modelled as dilinear with o,' w b4 kei,
e " 124 ket (true strass). The elongation at faflure {s approximately
322. Thie dats was developed from Plste 3. The folloving dimensions
vere used: specimen thickness v » 0.62 inch and erack depth & = ¢.08

Anhur D Little 'nc



APPENDIX C ~34-

P

|
.
L5 inch. For such surface cra~ks, the stress fntensity factor K [J = (l-vz) B
' : xz.‘n can be approximated by the fornuln(”. _L‘.‘
| K = of5a Fla/v)
— | 0.923 4 0.199 (1-s1n £ x)*
) F(x) o -1 ¢an -'-25 2
' cos % X
This formula is bdased on elastic analysis. Plastic effects can be
accounted for in an spproximate manner by increasing the crack length by
wd K2
an amount rP pe {oys) « This is known as the Irvin ¢rack length cor-
. rection,
The elastic prediction for Rl at applied stress equal to the yleld !
stress s [

X = 36(10) kst /In 3

and the crack lergth correction fs8 r_ = 0.016 inch yielding a corrected
stress intensity of X, = 19(10)° psi /in and in a corresponding J value
of 47 1b/1a.

On the other hand, we can approximate J fn the fully plastic range
by } = avo, where ¢ is the strain level and 0 is the stress level as
seen by the edge crack of depth a. This formula is & variation of that
developed by Shih and Hutchinson () for shallow edge cracks (small a/w).
Predictions for J s a function of strain/stress level as calculated frem
this plasticity forwula ave reported in Tabdle 3.

Arthur D LittleIne
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Table 3

J Integral as Function of Stress/Strain Level

Stress Strain J in--2

“o(ks1) e (2) _ 1d/in
64 0.002 3
66 0,011 182
68 0.021 363
10 0.032 580
72 0.043 795
16 0.064 1260
80 0.085 1770

The J integral ve. stress estimates developed here can be used in
conjunction with data on the fracture {nfitfistion velue of J (ch) to
predict the stress/strain state which can cause crack growth to initiate.
Charpy data for the undeformed plate material at roon temperature vas
found to average 107 ft-1bs. This is believed to be on the upper shelf
for toughness. The Charpy values can be converted to ch using approxi-
mate formulae from Reference §, giving

CVN ch

107 ft-1bs 1010 in-1b/inl

A single quasi-static test was successfully performed to verify this
ch estimate. A side grooved and fatigue precracked Charpy specinen cut
from Plate 5 was used for this purpose. The ch testing followed the
procedure discussed earlfer and recommended by thchie‘z) The resulting
ch value 1is 1002 tn-lblinz. {(This close agreemeant with the ch obtained
by convarsion of Charpy impact snargy may be fortuitous.)

These data suggests that s precracked (a=0.08 inch depth) portion

of the tank car plate will be sble to sustain approximately $ to 6 per-
¢ant strain prior to fracture faftistion.

Arthut ) Litthe Inc
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The same foraulae can be used to estimste the fluv site which would
3 lesd to fracture initiation {n a plate which developed a local radius
: of ecurvature of two fnches (a 25% strain level), the smallest radius of
curvature condition found in the present investigation. The resulting
predictions for critical flav size fs a = 0,01 fnches. At the strain
level essociated with the band test specified for this plate (331}, the
critical flav size is approximately 0.007 inch.

From these results, ve can see that the affect of a flaw of 0.08
foch depth (equivalent to the thickness of the heat affected zone of the
fillet veld) is to veduce the apparent ductility of the naterial, and
thus the strain level at which fracture will initiate.

$. Conclusions

The principal results obtained from the various tensfile and fracture
toughness tests and metalliographic examinations were:

e The fracture originated in the relatively brittle heat affected
gone of the fillet weld joining the tank ciadle to the tank cylinder,
on the outside suriece of the eylinder. Outside the heat affected zone
the fallure was compictely ductile and {nvolved high energy, low velocity
tearing. A portion of tihis fillet veld had given vay between the cradle
and the cylinder, snd the fracture originated at the end of this tear.
This would be a point of high strees concentration under internal pres-
sure, possibly leading to crack {nitistion. Alternatively, the crack
nay have originated at the time of the original accident.

s Careful examinstion of a1l the test plates, including the regions
of butt and fillet welds, failed to revesl any other cracks or partial

fracturss,
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APPENDIX C

¢ The touginess of the normelized tank head material vas measurably
reduced by the deformation, at the point «f the minimum radius bend.
This vas indicated by both hardness and Charpy test results. The strain,
hovever, was vithin that vhich the materisl is specified to withstand;
thus, cracking would not be sxpected.

o The material of the tank cylinder is not normslized (unlike the
tank head). Fracture toughness test results indicated & risk of dynamie
(unstable) cleavsge fracture at lov ambient temperatures. This risk is
particularly presant if the tank contains pressurized gas, which will
continue to exert force on the pressure tank structure after a leak has
occurred.

More tests are recommended both on samples from this tank car and
fros similar accident dasaged vehiclen.
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